IL-2
is a multifunctional molecule that plays a nonredundant role at the crossroads between pathogen clearance, innate immune system, matrix deposition, female fertility, and vascular biology. It is produced at sites of infection and inflammation by both structural and inflammatory cells. However, its role in allergen-induced inflammation remains to be tested.
Objective: We sought to determine the effect of Ptx3 deletion on ovalbumin (OVA)-induced allergic inflammation in a murine model of asthma. Methods: Bronchoalveolar lavage fluid was collected from patients with severe asthma and healthy subjects, and the level of PTX3 was determined by using ELISA. Ptx3 1/1 and Ptx3 2/2 mice were sensitized and challenged with OVA and Physiology, and bronchoalveolar lavage fluid, and the lungs were collected for assessing inflammation. Lung tissue inflammation and mucus production were assessed by means of flow cytometry and hematoxylin and eosin and periodic acid-Schiff staining, respectively. flexiVent was used to determine airway resistance to methacholine in these mice.
Results: Here we report that mice with severe asthma and OVA-sensitized/challenged mice had increased PTX3 levels in the lungs compared with healthy control mice. Mice lacking PTX3 have exaggerated neutrophilic/eosinophilic lung inflammation, mucus production, and airway hyperresponsiveness in an experimental model of OVA-induced asthma. Furthermore, OVA-exposed lung Ptx3 2/2 CD4 T cells exhibit an increased production of IL-17A, an effect that is accompanied by an increased signal transducer and activator of transcription 3 phosphorylation, reduced IL-2 production, and enhanced activation and survival. Also, we observed an increase in numbers of IL-6-and IL-23-producing dendritic cells in OVA-exposed Ptx3 2/2 mice compared with those in wild-type control mice. Conclusion: Altogether, PTX3 deficiency results in augmented airway hyperresponsiveness, mucus production, and IL-17A-dominant pulmonary inflammation, suggesting a regulatory role of PTX3 in the development of allergic inflammation. (J Allergy Clin Immunol 2017;139:950-63.)
Key words: Pentraxin 3, allergic inflammation, CD4 T cells, IL-17A, IL-2, survival, B-cell lymphoma 2, signal transducer and activator of transcription 3, dendritic cells, According to the World Health Organization, asthma is a serious public health concern affecting more than 300 million persons worldwide. Furthermore, the disease prevalence globally increases by approximately 50% every decade. 1 According to Braman, 1 a collateral increase in atopic sensitization and other allergic conditions, such as eczema and rhinitis, is associated with an increase in asthma pervasiveness. Genetic predisposition, 2,3 environmental factors, 4 and gene-environment interactions contribute to the increased asthma prevalence in susceptible subjects.
Asthma is classically defined as a disease orchestrated by the adaptive immune system. However, recent advances suggest considerable crosstalk between the innate and adaptive immune systems in initiation and propagation of allergic immune response. 5 Pattern recognition receptors (PRRs), such as Toll-like receptors, are key components of the innate immune system that have been found to play an important role in allergic inflammation. PRRs on epithelial cells and dendritic cells (DCs) recognize pathogenassociated molecular patterns and damage-associated molecular patterns and act as adjuvants in directing allergen sensitization. [6] [7] [8] Pentraxin 3 (PTX3) is a prototypic soluble PRR involved in the regulation of inflammation through multiple mechanisms that include interaction with components of complement pathways, Fcg receptors, pathogenic moieties on microbes, and regulation of leukocyte migration. 9 Previously, lack of PTX3 has been reported to exaggerate inflammation in the setting of Pseudomonas aeruginosa infection, aspergillosis, influenza, severe acute respiratory syndrome (SARS), and LPS-induced acute lung injury in mice. The protective role of exogenous PTX3 in aspergillosis, pneumonia, and tuberculosis further strengthens the preceding observations (reviewed by Balhara et al 9 ). Collectively, these studies demonstrate that infection and lung injury increase PTX3 production in the lung. 9 Previously published data by our group 10 showed enhanced PTX3 expression in the lungs of patients with severe allergic asthma compared with that in healthy donors. Structural cells, particularly epithelial and airway smooth muscle cells, were the main producers of PTX3 in vivo and on proinflammatory cytokine stimulation in vitro. However, the role of PTX3 in the development of allergic asthma remains unknown.
In this study our aim is to evaluate the effect of PTX3 deletion in the development of ovalbumin (OVA)-induced physiologic and immunologic metrics. Here we show that deletion of PTX3 resulted in exaggerated inflammation, airway hyperresponsiveness (AHR), and airway remodeling. We also demonstrate that Ptx3 2/2 mice exhibit a T H 17-dominant inflammatory response compared with Ptx3 1/1 mice in response to OVA. Altogether, our report suggests a critical role of PTX3 in regulating CD4 T cell-mediated inflammation in a murine model of allergen-induced inflammation.
METHODS Subjects
Bronchoalveolar lavage fluid (BALF) used in this study was obtained from nonasthmatic healthy subjects and patients with severe asthma in accordance with procedures approved by the Human Research Ethics Board of the University of Chicago (Institutional Review Board nos. 13198A and 15361A). All subjects were seen in a refractory obstructive lung disease clinic by an asthma/chronic obstructive pulmonary disease expert. Subjects were consented at the time of preoperative clinic visits. Pulmonary function tests were performed with methacholine (MCh) challenge before surgery. All surgeries were elective and for noninfectious or noninflammatory reasons: most of the surgeries were performed on obese patients and were bariatric in nature. One of the surgeries was for a thyroid nodule. Most of the donors showed no symptoms of comorbidities, except asthmatic patient 4, who was given a diagnosis of kyphoscoliosis. All bronchoscopies were done for research purposes only. Detailed clinical characteristics of the donors have been provided in Tables I and II . Details of healthy control subjects are provided in Table III 
Lung mechanics
AHR to MCh was assessed, as described previously, 11 by using a flexiVent small-animal ventilator (SCIREQ, Montreal, Quebec, Canada; see the Methods section in this article's Online Repository at www.jacionline.org).
Histology
For histologic analysis, lungs were harvested and fixed in 10% buffered formalin. Tissues were then embedded in paraffin. Six-micrometer sections were cut with a microtome and stained with hematoxylin and eosin (H&E) and periodic acid-Schiff (PAS). For analysis of inflammation and mucus production, H&E and PAS staining, respectively, of lung tissues was determined under a light microscope. Two independent persons scored the slides in a blinded manner.
ELISA
PTX3 levels were determined by means of ELISA with antibodies from R&D Systems (Minneapolis, Minn). Cytokines in the lung homogenate and supernatant of in vitro-cultured mediastinal lymph node (MLN) cells were assayed by using ELISA MAX Deluxe sets from BioLegend (San Diego, Calif), according to the manufacturer's protocol. Immunoglobulin ELISA was performed with antibodies from SouthernBiotech (Birmingham, Ala). For more details on tissue isolation, refer to the Methods section in this article's Online Repository.
Flow cytometry
Single cells were collected from lungs and MLNs, washed with flow buffer, blocked with Fc blocker, and stained with respective antibody in the dark. 
Statistical analysis
Results are shown as means 6 SEMs and analyzed by using 1-way ANOVA (GraphPad Prism; GraphPad Software, La Jolla, Calif). For experiments in which only 2 data sets are compared, the Student t test or Wilcoxon signed-rank test was performed. Unless otherwise stated, data were collected from at least 3 experiments, with each experiment containing at least 3 to 5 mice in each experimental group. A P value of less than .05 was considered significant in all quantitative experiments.
RESULTS

PTX3 levels are enhanced in human asthma
PTX3 expression has been shown to be increased in patients with several pulmonary diseases, including cigarette smoke-induced chronic obstructive pulmonary disease, LPS-induced acute lung injury, and murine SARS infection. 9 Previously, we have shown augmented expression of PTX3 in bronchial biopsy specimens obtained from patients with severe allergic asthma compared with healthy subjects. 10 We further validated this in BALF of human patients with severe asthma compared with healthy donors (Tables I-III) . Patients with severe asthma exhibit greater concentrations of PTX3 in BALF compared with healthy donors (240.2 6 58.6 vs 78.60 6 47.6 pg/mL; n 5 10; P < .01; Fig 1, A) .
PTX3 concentrations are increased in OVA-exposed murine lungs
Next, we sought to determine PTX3 production in the lungs of mice in response to acute OVA exposure. Mice were sensitized with OVA plus alum intraperitoneally on days 1 and 11 and challenged intranasally on days 18 and 19 (Fig 1, B) . OVA-sensitized and challenged mice display a significant increase in BALF and lung PTX3 concentrations compared with their saline controls (BALF PTX3: 321 6 89 vs BMI, Body mass index. *Donor had a normal FEV 1 /forced vital capacity ratio and diffusing capacity of lung for carbon monoxide value. There was no difference between total lung capacity, as calculated by using plethysmography and the single-breath method, which suggests the absence of any obstruction.
concentrations are increased in the setting of asthma in human subjects and mice. PTX3 levels in BALF obtained from healthy subjects and patients with severe asthma were evaluated by means of ELISA. *P < .01. B, Schematic showing the protocol used for acute OVA sensitization/challenge in mice. IN, Intranasal; IP, intraperitoneal. C and D, PTX3 concentrations measured in the lungs (Fig 1, C) and BALF (Fig 1, D) of Ptx3 1/1 mice in saline-and OVA-exposed conditions. *P < .01.
9.36 6 1.06 pg/mL; lung PTX3: 14.8 6 1.4 vs 6.1 6 0.8 ng/mL; n 5 8-12; P < .01; Fig 1, C) .
Deletion of PTX3 exacerbates allergic inflammation in mice
Given that PTX3 levels increase in the setting of asthma and that Ptx3 2/2 mice exhibit enhanced susceptibility to various infections (reviewed by Balhara et al 9 ) , we sought to examine the consequences of PTX3 deletion on airway inflammatory response in an OVA-induced murine model of experimental asthma. We first determined influx of inflammatory cells in the airway lumen. There was a significant infiltration of inflammatory cells into the airways of Ptx3 1/1 and Ptx3
mice after OVA challenge; however, Ptx3 2/2 mice exhibited a greater number of total inflammatory cells (n 5 12; P < .01; Fig  2, A, and Table IV ). Although both genotypes showed an eosinophil-dominant response on OVA challenge, Ptx3 2/2 mice exhibited greater BALF eosinophil counts (Fig 2, B , and Table  IV) (Fig 2, B , G, and H, respectively). 12 Enhanced infiltration of inflammatory cells surrounding the airways and blood vessels in Ptx3 2/2 mice compared with Ptx3 1/1 mice was further supported by an examination of H&E-stained lung sections (Fig 2, I) .
OVA sensitization and subsequent challenge are known to affect immunoglobulin concentrations in blood. 13, 14 Indeed, serum levels of total (Fig 3, A and C) and OVA-specific (Fig 3, B and D 1/1 mice. We also observed evidence of enhanced goblet cell hyperplasia, as determined by using PAS staining (Fig 4, B and C) , and expression of muc5ac (Fig 4, D) and muc5b (Fig 4, E) in Ptx3 2/2 mice in contrast to Ptx3 1/1 mice. These results collectively indicate that PTX3 deletion aggravates OVA-induced AHR and mucus production.
Ptx3
2/2 mice exhibit enhanced IL-17A levels in the lungs and MLNs Evaluation of cytokine production in the lungs and MLNs is an essential parameter used to assess allergic inflammation. 15, 16 Therefore we next explored the levels of IL-4, IFN-g, and IL-17A in lung homogenates and MLNs. OVA exposure induced T H 2 response, as determined by IL-4 (Fig 5, A) and IL-5 (see Fig  E1, (Fig 5, B) and IL-17A (Fig 5, C) in lung homogenates compared with their saline controls (IFN-g OVA: 212.7 6 7.8 pg/mL vs saline: 199.1 6 10.1 pg/mL; IL-17A OVA: 190.2 6 15.5 pg/mL vs saline: 172.4 6 12.6 pg/mL). Lung homogenates from Ptx3 2/2 mice, on the other hand, showed a significant increase in concentrations of both cytokines on OVA exposure compared with those seen in their saline-exposed counterparts (IFN-g OVA: 377.0 6 38.6 pg/mL vs saline: not detected; IL-17A OVA: 176.8 6 1.8 pg/mL vs saline: 35.6 6 1.6 pg/mL; Fig 5, : 966.7 6 68.9 pg/mL; Fig 5, F) . However, the absolute IFN-g (Fig 5, E) 
CD4 T cells from Ptx3
2/2 mice display enhanced activation and a T H 17-dominant phenotype Given that CD4 T cells play a critical role in the production of proinflammatory cytokines in the lungs on allergen exposure, [19] [20] [21] we first explored activation status of CD4 T cells in Ptx3
and Ptx3 2/2 mice on OVA exposure. Lung CD4 T cells from Ptx3 2/2 mice showed an enhanced activated phenotype, as determined based on CD69 (Fig 5, G and H) and CD25 (Fig 5, I and J 0.27% 6 0.024% of total lung cells; Fig 5, M and N) . Similar preponderance of the T H 17 phenotype was observed in the MLNs of Ptx3 2/2 mice (see Fig E2, A and B, in this article's Online Repository at www.jacionline.org). However, no significant difference was detected in the expansion of IL-4-and IFN-g-producing lung CD4 T cells in both genotypes (see Fig E3, A-D, in this article's Online Repository at www. jacionline.org).
IL-17A-producing CD4 T cells are uniquely characterized by a transcriptional program regulated by activation of signal transducer and activator of transcription 3 (STAT3)-dependent pathways. 24 We then investigated the status of STAT3 phosphorylation in the lungs of Ptx3 1/1 and Ptx3 2/2 mice in response to OVA. In contrast to saline-treated groups, phosphorylation of STAT3 was increased in the lungs of OVA-exposed Ptx3 2/2 mice compared with Ptx3 1/ 1 mice (see Fig E3, E) . A, Airway resistance in OVA-sensitized/challenged Ptx3 1/1 and Ptx3 2/2 mice, as determined by using the flexiVENT small-animal ventilator. ns, Not significant. B and C, Mucus production in the lungs was determined by using PAS staining (3200 magnification). D and E, mRNA expression of the mucus genes muc5ac (Fig 4, D) and muc5b (Fig 4, E) was assessed by using real-time PCR (n 5 12 per group). *P < .01.
Next, we investigated whether PTX3 deficiency favors the differentiation of CD4 T cells toward the T H 17 phenotype. Enriched naive spleen CD4 T cells from Ptx3 2/2 mice (see Fig E3, F) (Fig 5, A-C) and MLNs (Fig 5, D-F) were determined by means of ELISA (n 5 8-10 mice per group). G-J, CD69 (Fig 5, G and H) and CD25 (Fig 5, I and J) expression on lung CD4 T cells (n 5 5-6 mice per group). K-N, Characterization of effector lung CD4 T cells (Fig 5, K and L) and expression profile of IL-17A (Fig 5, M and N) by lung CD4 T cells in OVA-exposed Ptx3 1/1 and Ptx3 2/2 mice (n 5 10 mice per group). *P < .01. nd, Not determined; ns, not significant.
J ALLERGY CLIN IMMUNOL VOLUME 139, NUMBER 3 mechanism, we next assessed STAT3 phosphorylation in naive CD4 T cells from Ptx3 2/2 and Ptx3 1/1 mice on IL-6 stimulation. 25, 26 Parallel to our previous observation, we observed increased phosphorylation of STAT3 in naive CD4 T cells from Ptx3 2/2 mice on IL-6 stimulation compared with CD4 T cells from Ptx3 1/1 mice (see Fig E3, I and J). Together, these results suggest that deletion of PTX3 favors development of the T H 17 phenotype, possibly contributing to an IL-17A-dominant inflammatory response in the lungs and MLNs of Ptx3 2/2 mice on OVA exposure.
PTX3-deleted CD4 T cells exhibit enhanced survival
IL-17A through STAT3 promotes survival of various cells, including T cells, by upregulating prosurvival molecules, such as B-cell lymphoma 2 (Bcl-2).
27-29 Therefore we questioned whether the IL-17A-dominant phenotype, as observed in Ptx3 2/2 mice, results in altered survival of CD4 T cells. Lung cells were isolated from OVA-exposed Ptx3 1/1 and Ptx3
2/2
mice, cultured for 3 days in complete medium, and assessed for CD4 T-cell survival. OVA-exposed Ptx3 2/2 CD4 T cells displayed enhanced survival (Fig 6, A) , as assessed by Annexin V and 49-6-diamisino-2-phenylindole dihydrochloride staining. Naive CD4 T cells from Ptx3 2/2 mice also showed increased survival (see Fig E4 in this article' s Online Repository at www.jacionline.org); however, such a survival benefit was more pronounced in OVA-challenged conditions. Together, it suggests that PTX3 deficiency is likely to confer an added survival advantage to CD4 T cells in OVA-exposed mice.
CD4 T cells from OVA-exposed Ptx3
2/2 mice exhibit enhanced expression of Bcl-2 and reduced production of IL-2 Bcl-2 is a prototypic member of a large Bcl-2 family that regulates T-cell apoptosis and helps maintain immune system ) was assessed by using Annexin V and 49-6-diamisino-2-phenylindole dihydrochloride (DAPI) staining. Percentages of gated cells are presented as means 6 SEMs (n 5 8-10 per group). B-E, Expression of Bcl-2 (Fig 6, B and C) and IL-2 production (Fig 6, D and E) in OVA-exposed lung CD4 T cells were determined by means of flow cytometry. Quantification and statistical analysis of fluorescence-activated cell sorting data is shown as graphs (n 5 5-10 per group). *P < .01.
homeostasis.
30,31 Therefore we examined whether the absence of PTX3 affects Bcl-2 expression in lung CD4 T cells. Although basal expression of Bcl-2 is comparable between CD4 T cells from Ptx3 2/2 and Ptx3 1/1 mice (see Fig E5, A and B, in this article's Online Repository at www.jacionline.org), OVA exposure induced greater expression of the prosurvival protein Bcl-2 in pulmonary CD4 T cells (Fig 6, B and C) from Ptx3 2/2 mice compared with those from Ptx3 1/1 mice, which is in parallel with enhanced survival (Fig 6, A) . A previous study showed an association between IL-17A and enhanced survival of T cells by downregulating IL-2 production. 32 Subsequently, we examined IL-2 production by pulmonary CD4 T cells from OVA-exposed Ptx3 1/1 and Ptx3 2/2 mice. Consistent with the enhanced T H 17 phenotype and increased survival, OVA-exposed Ptx3 2/2 lungs (Fig 6, D and E) and MLNs (see Fig E2, C and D) CD4 T cells exhibited reduced IL-2 production. Similarly, CD4 T cells from Ptx3 2/2 mice exhibited reduced IL-2 production in the presence of T H 17 polarizations conditions compared with CD4 T cells from Ptx3 1/1 mice (see Fig E5, C) . Collectively, our data showed enhanced Bcl-2 expression and reduced IL-2 production by lung CD4 T cells in Ptx3 2/2 mice, supporting their enhanced survival on OVA exposure.
DCs from Ptx3 2/2 mice produce increased levels of the T H 17-polarizing cytokines IL-6 and IL-23
In allergic inflammation DCs play a critical role in orchestrating pulmonary inflammation. In response to allergens, DCs produce CD4 T cell-polarizing cytokines and regulate polarization of naive CD4 T cells to differentiated CD4 T cells. IL-6, a proinflammatory cytokine produced by antigen-presenting cells, including DCs, induces differentiation of T H 17 CD4 T cells. 33 IL-23 acts subsequently and contributes to maintaining the T H 17 phenotype. Therefore our next aim was to understand whether DCs from Ptx3 2/2 mice regulate the generation of T H 17-dominant inflammation through altered IL-6 and IL-23 production. We compared production of IL-6 by DCs from Ptx3 2/2 and Ptx3 1/1 mice. Ptx3 2/2 mice showed an increase in IL-6-producing (Fig 7, B and C) and IL-23-producing (Fig 7, D and E 
CD11b
1 DCs compared with that seen in DCs from Ptx3 1/1 mice. Similarly, there was increase in IL-6 (see Fig E6, A, B , E, and F, in this article's Online Repository at www.jacionline.org) and IL-23 (see Fig E6, C, D, G , and H) production in the draining lymph nodes of Ptx3 2/2 mice compared with that seen in Ptx3 1/1 mice on OVA exposure. Because DCs from both Ptx3 2/2 and Ptx3 1/1 mice showed differential production of IL-6, we next asked whether these DCs would show differential ability to induce the T H 17 phenotype. We purified lung DCs from OVA-exposed Ptx3 1/1 and Ptx3
2/2
mice and cocultured them with carboxyfluorescein succinimidyl ester (CFSE)-labeled naive CD4 T cells from Ptx3 1/1 mice. The purity of naive CD4 T cells is shown in Fig E3, F . After 4 days of culture, naive CD4 T cells cocultured with DCs from Ptx3 2/2 mice showed a significant increase in the number of IL-17A-producing CD4 T cells (Fig 7, F and G) and production of IL-17A (Fig 7, H) mice with naive CD4 T cells from OTII mice also showed a similar response (Fig 7, I and J) . Collectively, this suggests that T H 17-dominant allergic inflammation in Ptx3 2/2 mice was also attributed to augmented production of the T H 17-polarizing cytokines IL-6 and IL-23 by PTX3-depleted DCs.
DISCUSSION
The role of PTX3 in regulation of the innate immune system has been extensively investigated in the last decade. A key conclusion that has emerged from these findings is that PTX3 provides protection against specific infections, including SARS, P aeruginosa, CMV, pneumonia, and aspergillosis. 9 The role of PTX3 has not been previously studied in the mucosal adaptive immune response, particularly in asthmatic patients. In this report we revealed an association between PTX3 and allergic inflammation, as observed in asthmatic patients. Consistent with our BALF data from patients with severe allergic asthma, the lungs of allergen-exposed mice displayed a highly significant increase in the level of PTX3 compared with those of salinetreated control mice. These findings are in agreement with our previously reported data in bronchial biopsy specimens obtained from patients with severe asthma. 10 For the first time, we demonstrate that features of allergic asthma, such as AHR, airway remodeling, and inflammation, were heightened in the absence of PTX3 in a murine model of OVA-induced experimental asthma. Moreover, absence of PTX3 promotes a T H 17-dominant CD4 T-cell response in the lungs combined with enhanced survival of CD4 T cells, suggesting a critical function of PTX3 in preferential maintenance of the specific CD4 T-cell population, at least in OVA-induced inflammation. Enhanced production of IL-6 and IL-23 by DCs from mice deficient in PTX3, a T H 17-inducing proinflammatory cytokine, provides a mechanistic explanation accounting for an IL-17A-dominant allergic inflammation in these mice. Collectively, our data suggest a hitherto unrecognized function of PTX3 in regulation of events involved in the pathogenesis of asthma-associated allergic inflammation.
Compared with wild-type littermates, OVA-exposed Ptx3 2/2 mice showed enhanced inflammation, which was characterized by increased accumulation of neutrophils and eosinophils within the airways and lung tissue. This phenotype was accompanied by an IL-17A-dominant cytokine production. IL-17A, a prototype of the T H 17 phenotype, has been implicated in allergen-induced neutrophilia and eosinophilia, at least through production of chemokines, including keratinocyte chemoattractant, 34, 35 which is a chemoattractant for neutrophils and eosinophils. 36, 37 Along the same line, enhanced keratinocyte chemoattractant production (data not shown) was detected in the lungs of OVA-exposed Ptx3 2/2 mice, which might account for exaggerated neutrophilia and eosinophilia in Ptx3 2/2 mice. Previously, IL-17A was shown to enhance AHR through an airway smooth muscle-dependent mechanism. 38, 39 Also, the IL-17 family is involved in upregulation of mucus genes, specifically muc4ac and muc5b. 40 These reports are in accord with an enhanced IL-17A-dominant response, increased AHR, and mucus production in OVA-exposed Ptx3 2/2 mice in comparison with Ptx3 1/1 mice. Lung CD4 T cells from OVA-exposed Ptx3 2/2 mice displayed enhanced activation compared with Ptx3 1/1 mice, as detected based on CD69 and CD25 surface staining. This result is in line with a recent study showing that PTX3 treatment suppressed CD25 and CD69 in OVA-specific CD4 T cells. 41 IL-17A production by CD4 T cells is mediated by a combination J ALLERGY CLIN IMMUNOL VOLUME 139, NUMBER 3 (Fig 7, A) were assessed for the production of IL-6 (Fig 7, B and C) and IL-23 (Fig 7, D and E) by means of flow cytometry. FSC, Forward scatter; SSC, side scatter. F and G, Purified CFSE-labeled spleen naive CD4 T cells from PTX3 1/1 mice were cocultured with lung DCs from OVA-exposed Ptx3 2/2 and Ptx3 1/1 mice for 4 days, and numbers of IL-17A-producing CD4 T cells were quantified by using flow cytometry. H, IL-17A levels in these cocultures were detected by means of ELISA (n 5 6-8 per group). *P < .01. I and J, lung DCs from OVA-exposed Ptx3 2/2 and Ptx3 1/1 mice were cocultured with OTII mouse naive CD4 T cells, and the number of IL-17A-producing CD4 T cells was determined after 4 days (n 5 3).
of IL-6/IL-23-dependent mechanisms 42, 43 through at least STAT3 activation. 44 Heightened IL-17A production with an increased level of phosphorylated STAT3 in the lungs of OVA-exposed Ptx3 2/2 mice is in accordance with previously published data.
IL-2 is a key negative regulator of the T H 17 phenotype 45 that is suppressed by STAT3 activation in T cells. 32 Indeed, compared with Ptx3 1/1 mice, reduced production of IL-2 in CD4 T cells from OVA-exposed Ptx3 2/2 mice was observed, which might provide a reasonable mechanism accounting for the enhanced IL-17A production and STAT3 activation in our model. In concert with our observation, Moalli et al 46 and Paroni et al 47 reported reduced IL-17A levels on treatment with exogenous PTX3 in murine models of chronic P aeruginosa lung infection and cystic fibrosis, respectively. Our findings combined with the above studies suggest an inverse correlation between PTX3 and the IL-17A-dependent pathway. Also, D'Angelo et al 48 and Zhu et al 49 showed that PTX3 suppressed IL-17A-mediated inflammation in Aspergillus species-induced chronic granulomatous disease and an ischemia reperfusion injury model, respectively. Although both later studies mainly suggested that PTX3 suppressed IL-17A production by restricting gd T-cell expansion, our study highlights a novel function of PTX3 in the regulation of IL-17A production by CD4 T cells. Altogether, the data point to a unique function of PTX3 in counterregulating IL-17A/T H 17-dominant immune response.
Development of the immune response in asthmatic airways is primarily driven by increased cell infiltration, prolonged survival of proinflammatory cells, or both. 50 Cell death of proinflammatory cells is a regulatory mechanism that limits inflammation-induced tissue injury and promotes resolution. 50 Enhanced survival of T cells has been reported in the airways of asthmatic patients. [51] [52] [53] Furthermore, BALF T cells from allergen-exposed asthmatic patients were shown to be less susceptible to apoptosis-inducing agents through Bcl-2-enhanced expression. 54 In our study we found that CD4 T cells from OVA-exposed Ptx3 2/2 mice are more resistant to postactivation-induced apoptosis and displayed increased Bcl-2 expression. This phenomenon is in accordance with enhanced IL-17A production, STAT3 phosphorylation, and reduced IL-2 production observed in Ptx3 2/2 mice, which are key factors implicated in T-cell survival. 32, 55, 56 Previously, Lech et al 57 reported splenomegaly and lymph node hyperplasia in Ptx3/lpr 2/2 mice in systemic lupus erythematosus, which was also associated with exaggerated inflammation in the lungs. Whether this was due to an enhanced survival of lymphocytes in the absence of PTX3 will be interesting to study. The analysis conducted herein suggests greater longevity of CD4 T cells from Ptx3 2/2 mice that can drive enhanced allergen-induced airway inflammation in Ptx3 2/2 mice. Despite the fact that CD4 T cells from Ptx3 2/2 mice show increased IL-17A production and the accompanying phenotype characterized by enhanced STAT3 phosphorylation, survival, and reduced IL-2 production in OVA-induced inflammatory condition, PTX3 deletion does not seem to substantially affect these pathways in naive conditions. It is likely that a unique phenotype of CD4 T cells from Ptx3 2/2 mice, as observed in inflammation, can result from alteration of other cell types. DCs constitute major antigen (allergen)-presenting cells to T cells in allergic inflammation. Besides presenting allergen epitopes and providing costimulatory signals, they regulate the phenotype and functions of CD4 T cells through cytokine production. DCs produce IL-6 and IL-23, through which these cells dictate differentiation of naive CD4 T cells to T H 17 CD4 T cells through activation of STAT3-dependent pathway. 25, 58 Increased numbers of IL-6-and IL-23-producing DCs in the lungs of Ptx3 2/2 mice on OVA exposure explain the enhanced differentiation of T H 17 cells in OVA-exposed Ptx3 2/2 mice compared with that seen in wild-type control mice. Altogether, our data suggest contribution of DCs from Ptx3 2/2 mice through increased IL-6 production, resulting in IL-17A-prominent inflammation. However, we do not deny role of other IL-6-and IL-23-producing structural and inflammatory cells, including epithelial cells and macrophages, respectively. Whether they also regulate IL-17A-dominant inflammation in Ptx3 2/2 mice will be interesting to study in succeeding studies.
Together, it seems that IL-17A-dominant inflammatory responses in Ptx3 2/2 mice compared with Ptx3 1/1 mice might have stemmed from 2 plausible mechanisms. CD4 T cells from Ptx3 2/2 mice are able to induce increased STAT3 phosphorylation and IL-17A production when exposed to IL-6 and the T H 17 polarization cocktail, respectively. This suggests an altered programing of CD4 T cells on PTX3 deletion that might lead to IL-17A-dominant CD4 T cells phenotype in these mice. In vivo increased IL-6 and IL-23 production by DCs from Ptx3 2/2 mice, which are known to promote IL-17A production, serves as an additional mechanism.
Very recently, Cinha et al 59 reported the existence of the G-A/G-A (h2/h2) single nucleotide polymorphism (SNP) in hematopoietic stem cell transplant donors, which renders recipients more susceptible to invasive pulmonary aspergillosis. The h2/h2 SNP resulted in PTX3 deficiency that affected antifungal function of neutrophils in transplant recipients. Whether the h2/h2 SNP has an effect on allergen-induced inflammation is worth questioning.
In summary, our study assigns a critical function of PTX3 in the cause of allergic inflammation. Without dismissing the role of PTX3 in regulating innate inflammatory mechanisms, our study proposes that the absence of PTX3 results in dysregulated programming of CD4 T cells, leading to an exaggerated allergen-induced inflammation. The IL-17A-dominant immune response has previously been associated with steroid-resistant severe asthma in human subjects. 60 Therefore our study might provide some novel insight into understanding the mechanisms involved in regulation of the IL-17A-dominant immune response in patients with severe asthma. Based on our current data, it is difficult to infer whether PTX3 treatment would provide protection against unwarranted allergen-induced activation of immune system. However, our data clearly show that deletion of PTX3 plays a critical role in regulating functional capacity of immune system, thereby affecting immunologic metrics in response to an allergen in a murine model of experimental asthma.
Key messages
d PTX3 levels increase in the airways of patients with severe asthma and OVA-exposed mice. 
METHODS
Lung mechanics
To determine whether OVA exposure has different effects on respiratory mechanics in Ptx3 1/1 and Ptx3 2/2 mice, we performed aerosol MCh challenges using a flexiVent small-animal ventilator (SCIREQ, Montreal, Quebec, Canada). Mice were anesthetized intraperitoneally (pentobarbital, 0.1 mL per 10 g of body weight). After establishing anesthesia, midcervical tracheotomy was performed by inserting a polyethylene catheter (1.1 3 25 mm), which was kept in place by ligating with surgical silk thread. The catheter was connected to the small-animal ventilator, and positive end-expiratory pressure was maintained at 3 cm H 2 O. Mice were subjected to serial aerosol MCh challenge (30 mL, 3-50 mg $ mL 21 MCh in saline), and baseline mechanics were determined by using saline-only challenge. Before each challenge with saline or MCh, lung loading history was normalized by means of inflation to total lung capacity. Respiratory mechanics were assessed by using a preset flexiVent Prime-8 low-frequency forced oscillation protocol to derive respiratory mechanical input impedance. Airway resistance was derived by fitting respiratory mechanical input impedance to the constant-phase model.
BALF collection from mice
Mouse tracheas were cannulated with a 20-gauge catheter and tied in place with a surgical thread. The lungs were washed 2 times with 1 mL of PBS, and we obtained approximately 700 mL of fluid from each wash. BALF was centrifuged at 1000 rpm for 10 minutes, and the supernatant was used for ELISA. The pellet was resuspended in 500 mL of PBS for counting and used for BAL smear preparation. To determine numbers of different immune cells, such as eosinophils, basophils, and neutrophils, the BAL smear was fixed and stained with a Hema-3 stain set (Fisher Scientific, Waltham, Mass). These inflammatory cells were counted based on cellular morphology and staining characteristics.
Lung homogenate collection
Left lung lobes were collected from OVA-exposed and control mice and homogenized in a glass homogenizer in 2 mL of PBS. The homogenate was centrifuged at 500 rpm, followed by supernatant collection and storage at 2808C for cytokine measurement by means of ELISA.
Serum collection
Blood was collected and coagulated at 48C, followed by centrifugation for 20 minutes at 7500 rpm. Circulating total and anti-OVA IgE and IgG subclasses were measured in the sera by means of ELISA. Ninety-six-well plates were coated overnight at 48C with 50 mL of 0.1 mol/L NaHCO 3 containing 100 mg of OVA/mL. Then plates were blocked for 2 hours at 378C with 200 mL of 3% BSA in PBS. Plates were washed, and 50 mL of 4 series with 10-fold serum dilutions for anti-OVA and 1:20,000 for total IgE and IgG 2a in PBS containing 1% BSA was applied overnight at 48C. The amount of bound antibody was analyzed by using horseradish peroxidase-conjugated antibodies against mouse heavy chain classes. 
Ex vivo MLN cell culture
Survival assay
A single-cell suspension of lung cells was cultured for 3 days in complete medium. Apoptosis/survival of CD4 T cells was determined by staining with Annexin V and 49-6-diamisino-2-phenylindole dihydrochloride with the Apoptosis Detection kit FITC from eBioscience, according to the manufacturer's instructions.
In vitro T H 17 polarization assay
Naive CD4 T cells were enriched from murine splenocytes by using naive CD4 T Cell Negative Selection Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) and cultured for 5 days in the presence of IL-6 (100 ng/mL, eBioscience), TGF-b (10 ng/mL; R&D Systems, Minneapolis, Min), anti-IL-4 (10 mg/mL, eBioscience), anti-IFN-g (10 mg/mL, eBioscience), anti-CD3e (2 mg/mL, eBioscience), and anti-CD28 (2 mg/mL, eBioscience) in round-bottom 96-well plates. , as shown in Fig 7, A. The purity of naive CD4 T cells is shown in Fig E3, F. Supernatants from cocultured cells were collected after 4 days, and IL-17A levels were detected by means of ELISA.
E1
CD4 T cell-DC coculture
CFSE staining
Three to 10 million naive CD4 T cells were resuspended in 5 mL of serum free media or PBS, and 3 mmol/L CFSE in 5 mL of PBS or serum free media was added. The total 10-mL mixture was incubated in the dark at room temperature for 8 minutes. Thereafter, 5 mL of FBS was added and centrifuged at 1200 rpm for 5 minutes, and the pellet was then resuspended in complete cell-culture media. Cells were washed 1 more time. There were 200,000 cells/100 mL CFSE-labeled naive CD4 T cells in each well of a round-bottom 96-well plate.
mRNA analysis
Total cellular RNA from lungs was obtained with Trizol Reagent (Invitrogen, Carlsbad, Calif). mRNA expression of specific genes (muc5ac and muc5b) was evaluated by means of real-time PCR with specific primers on an ABI RT-PCR machine (Table E2) . Fig E1, D) , IL-12 ( Fig E1, E) , and IL-6 (Fig E1, F) in the lungs of Ptx3 1/1 and Ptx3 2/2 mice, as determined by means of ELISA (n 5 5-10 per group). *P < .01. G, mRNA level of IL-17A, as assessed by using real-time PCR, in the lungs of Ptx3 1/1 and Ptx3 2/2 mice in salineand OVA-exposed conditions (n 5 8-12 per group). *P < .01. ns, Not significant. were assessed for intracellular IL-6 (A and B) and IL-23 (C and D) expression by using flow cytometry. The gating strategy is similar to that used in characterizing lung DCs (n 5 6 per group). Quantitative analysis of IL-6 (E and F) and IL-23 (G and H) production is shown as graphs. 
